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The interaction of on-axis and off-axis laser discharge in front of a hemisphere cylinder
in Mach 2.0 flow is investigated numerically. Details of the physics of the interaction of
the laser-induced shock and the heated region with the bow shock and its effect on drag
reduction are included. The energetic efficiency of the laser discharge in reducing drag is
calculated.
I. Introduction
Drag reduction as a result of energy deposition in supersonic flow has been demonstrated in severalexperimental and numerical studies. Artem’ev et al.1 showed a drag reduction up to 80% for a blunt
cylinder using a thin heated filament. Tretyakov et al.2 reported up to 45% drag reduction for conical and
hemispherical objects by means of high frequency laser discharge. Riggins et al.3 showed 30% to 50% drag
reduction for blunt bodies in hypersonic flows using a laser discharge. Lashkov et al.4 reported centerline
pressure reduction for a blunt cylinder and a hemisphere by means of a microwave discharge. Adelgren et
al.5 showed a 40% centerline pressure reduction for a hemisphere using a laser discharge. Knight et al.6
reported a centerline pressure reduction for a hemisphere by means of a microwave discharge. Schu¨lein et
al.7 reported a centerline pressure reduction for a hemisphere due to single and double laser discharges. Kim
et al.8 showed a 21% drag reduction and up to 500% energetic efficiency for a right circular cylinder using a
repetitive laser discharge. Kremeyer et al.9 reported up to 96% drag reduction and up to 6500% energetic
efficiency using a line source. Knight10 presents a review of computational and experimental drag reduction
studies.
From the literature, as cited above, there is a wide range of results for both drag reduction and energetic
efficiency. The objective of this paper is to understand the efficiency of energy deposition for a single
laser discharge upstream of a hemisphere cylinder at Mach 2. We perform a sensitivity analysis of the gas
dynamic energetic efficiency (defined as the ratio of the energy saved due to drag reduction to the actual
energy absorbed by the gas) to the discharge parameters. Both on- and off-axis discharges are considered.
II. Description of Experiments
A hemisphere-cylinder, blunt-body wind tunnel test is currently being planned11 at Mach 2 in the NASA
Langley 20-inch Supersonic Wind Tunnel.12 The model is a 50.8 mm diameter hemisphere cylinder, which
is illustrated in Fig. 1. The planned experimental measurements are 1) the actual energy absorbed by the
gas, 2) impulse on the hemisphere cylinder due to laser discharge versus time, and 3) energetic efficiency.
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Figure 1. Hemisphere cylinder model.
III. Description of Computations
The governing equations are the nonequilibrium compressible laminar Navier-Stokes equation with Park I
thermochemistry model13 and the Landau-Teller translational-rotational energy exchange.14 The complete
description of the governing equations are presented in Kianvashrad and Knight.15 The governing equations
are solved using a C++ code written by the authors with the implementation of Message Passing Interface
(MPI). The code is a finite volume method with the Roe flux scheme16 and Monotone Upstream Scheme
for Conservation Laws (MUSCL) reconstruction17 based on the primitive variables. The central difference
method is used for calculation of viscous fluxes. A Data Parallel Line Relaxation (DPLR) method18 is
used for marching in time to achieve a high CFL (Courant-Friedrichs-Lewy) number. The calculations are
performed using a 48-core Linux cluster.
The schematic of the axisymmetric computational domain for the laser discharge calculation in front of
the hemisphere cylinder is shown in Fig. 2. The boundary conditions are: streamwise axis from point A to
B, isothermal no-slip wall from B to D, outflow zero gradient from D to E, and fixed boundary condition
from E to F and F to A. The computational domain consists of 2.16 M cells and has uniform spacing along
the surface and normal to the wall. Table 1 presents the grid properties of the calculations.
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Figure 2. Computational domain.
In the planned experiments, the laser discharge will be focused on the axis of symmetry. However, it is
possible that the laser may not discharge exactly on the axis of symmetry. To consider this possibility in
the calculation, a three-dimensional computation around the hemisphere cylinder was performed for an off
axis laser discharge. Figure 3 shows the schematic of the computational domain for this case. Due to the
existence of a plane of symmetry, only half of the hemisphere cylinder is considered. The computational
domain consists of 6.84 M cells and has uniform spacing along the surface and normal to the wall. Table 2
presents the grid properties of the three-dimensional calculation.
2 of 11
American Institute of Aeronautics and Astronautics
Table 1. Computational grid (2.16 M cells).
il jl kl ∆ξ (µm) ∆η (µm) ∆φ (in degree)
600 600 6 133.00 84.67 2
legend
il No. of cells along surface
jl No. of cells away from surface
kl No. of cells in azimuthal direction
ξ Direction along surface
η Direction away from surface
φ Azimuthal cell angle
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Figure 3. Computational domain for three-dimensional calculation.
Table 2. Computational grid for three-dimensional calculation (6.84 M cells).
il jl kl ∆ξ (µm) ∆η (µm) ∆φ (in degree)
192 198 180 264.58 38.49 1
legend
il No. of cells along surface from hemisphere tip to the end of cylinder
jl No. of cells away from surface
kl No. of cells in azimuthal direction
ξ Direction along surface
η Direction away from surface
φ Azimuthal cell angle
IV. Results
This section is divided into two parts: 1) on-axis laser discharge with the axisymmetric computational
domain and 2) off-axis laser discharge with the three-dimensional computational domain.
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A. On-Axis Laser Discharge
Four computations are performed with the freestream condition of Table 3 and the actual energies absorbed
by the gas due to laser discharge of 12.5 mJ, 25 mJ, 50 mJ, and 100 mJ. The Reynolds number, Re∞, is
based on the hemisphere radius R. The hemisphere cylinder surface is considered as an isothermal wall with
Tw = 294.48 K. The laser discharge is modeled as an instantaneous heating of a spherical region upstream
of the hemisphere cylinder. It is assumed that the energy absorbed by the gas increases both translational-
rotational and vibrational temperatures to the same value. These temperatures along with the location of
discharge and the initial radius of discharge are presented in Table 4. The flow is from left to right and
this direction is considered as the x-direction. The initial flow condition is the converged solution of the
hemisphere cylinder in the flow with the same freestream conditions as given in Table 3.
Table 3. Freestream conditions.
Variables Freestream condition
M∞ 2.0
T∞ 172.74 K
P∞ 17.635 kPa
ρ∞ 0.354 kg/m3
YN2 0.765
YO2 0.235
Re∞ 406280
Tw 294.48 K
Table 4. Heated region initial conditions.
Absorbed Energy 12.5 mJ 25 mJ 50 mJ 100 mJ
Tvib = T 833 K 1342 K 2234 K 3880 K
Radius of discharge 2.54 mm 2.54 mm 2.54 mm 2.54 mm
Discharge location upstream 0.84R 0.84R 0.84R 0.84R
Density ρ∞ ρ∞ ρ∞ ρ∞
To understand the physics of interaction, the case with 100 mJ energy absorbed by the gas is used
for explanation. Figs. 4 and 5, respectively, display contour plots of Mach number (top section of each
figure) and vibrational temperature of species N2 (bottom section of each figure), and contour plots of
density gradient magnitude (top section of each figure) and dimensionless pressure, i.e., pressure divided by
freestream pressure (bottom section of each figure) at specified times where the instantaneous laser discharge
corresponds to t = 0 s (Figs. 4(a) and 5(a)). At t = 48.17 µs (Figs. 4(b) and 5(b)), the interaction of the
heated region with the bow shock has begun. As a result of this interaction, the heated region is compressed.
The lower Mach number of the heated region moves the bow shock forward (upstream), which is known as
the “lensing” phenomenon in the previous studies such as Adelgren et al.5 and Schu¨lein et al.7 A λ-shock
is formed at the interaction of the distorted part of the bow shock and the original bow shock, which was
also reported by Schu¨lein et al.7 Two vortex rings are formed due to the Richtmyer-Meshkov instability.
Figs. 4(c) and (d) and Figs. 5(c) and (d) demonstrate the slow movement of the vortices along the hemisphere
surface. Furthermore, at t = 240.83 µs, the heated region has completely passed and the bow shock has
returned to its original position (Figs. 4(d) and 5(d)).
Fig. 6 shows the change in the force (the total of pressure and viscous terms) on the hemisphere in the
x-direction as a result of the laser discharge nondimensionalized by F ◦x (the force in x-direction before the
laser is discharged) versus time for all four cases of energy added to the gas. The forces are calculated over
the entire hemisphere cylinder. The lower horizontal axis is the dimensionless time, tU∞/R, where R is the
hemisphere radius. The upper horizontal axis is dimensional time in µs where t = 0 s is the instant that the
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(a) t = 0 s (b) t = 48.17 µs
(c) t = 144.50 µs (d) t = 240.83 µs
Figure 4. Contour plots of Mach number and vibrational temperature of N2 for ∆E = 100 mJ.
laser discharge is added to the flow. Dashed lines show the zero change in the force, i.e., total force equal to
the total drag force of the hemisphere cylinder before laser discharge.
The first peak in the force change is due to the interaction of the shock wave with the hemisphere surface,
which increases the pressure at the surface and hence the drag force. The expansion wave propagation due
to the interaction of the heated region and bow shock reduces the pressure and generates the negative peak
in force. The second compression wave creates the second peak. The creation of vortices and their slow
movement around the hemisphere surface as displayed by Figs. 4(c) and 4(d) is the reason for the long lasting
drag reduction, which extends for about four dimensionless times. The dimensionless time of one is the time
the freestream flow requires to pass a distance equal to the hemisphere radius.
Comparison of the force change versus time for the four cases of 12.5 mJ, 25 mJ, 50 mJ, and 100 mJ
shows that all the positive and negative peak values are increased with increasing energy absorbed by the
gas, which is a result of the stronger interaction of the shock induced by the laser discharge and the bow
shock, and the heated region and the bow shock. Additionally, the more significant drag reduction in the
higher energy case is due to the stronger vortices, which are created as a result of the interaction of the
heated region and the bow shock. The stronger the vortices, the lower the pressure at the vortex cores,
which reduces the pressure force over the hemisphere cylinder.
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(a) t = 0 s (b) t = 48.17 µs
(c) t = 144.50 µs (d) t = 240.83 µs
Figure 5. Contour plots of density gradient and dimensionless pressure for ∆E = 100 mJ.
The gas dynamic energetic efficiency is defined as the ratio of energy saved due to the interaction of the
laser discharge to the energy absorbed by the gas. The energy saved is the negative of the change in the
impulse times the inflow velocity. Thus, the gas dynamic energetic efficiency (GDEE) is calculated as
GDEE = −u∞∆Impulse
∆E
(1)
The change in the impulse due to laser discharge are calculated using Fig. 6. The gas dynamic energetic
efficiencies of these simulations are presented in Table 5. The increase in the energy absorbed by the gas from
12.5 mJ to 25 mJ increased the gas dynamic energetic efficiency. However, increasing the energy absorbed by
the gas from 25 mJ to 100 mJ has almost no effect on the energetic efficiency. It seems there is an asymptotic
line for the gas dynamic energetic efficiency curve as a function of energy absorbed by the gas. The change
in the impulse created as a result of laser discharge interaction with hemisphere cylinder is larger for higher
energy absorbed by the gas, however, since the energy absorbed by the gas itself is higher, the gas dynamic
energetic efficiency is almost constant for 25 mJ to 100 mJ energies absorbed by the gas.
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(a) ∆E = 12.5 mJ (b) ∆E = 25 mJ
(c) ∆E = 50 mJ (d) ∆E = 100 mJ
Figure 6. Dimensionless pressure force change versus time.
Table 5. Energetic efficiency for different energy absorbed by the gas
Absorbed energy 12.5 mJ 25 mJ 50 mJ 100 mJ
GDEE 2.3 3.0 3.0 2.9
B. Off-Axis Laser Discharge
A computation is performed with the freestream condition of Table 6 and the actual energy absorbed by the
gas due to laser discharge of 51 mJ. The Reynolds number, Re∞, is based on the hemisphere radius R, which
is equal to 2.54 cm. The hemisphere cylinder surface is considered as an isothermal wall with Tw = 294.48 K.
The laser discharge is modeled as an instantaneous heating of a spherical region upstream of the hemisphere
cylinder. It is assumed that the energy absorbed by the gas increases both translational-rotational and
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vibrational temperatures to the same value. These temperatures along with the location of discharge and
the initial radius of discharge are presented in Table 7. The flow is from left to right and this direction is
considered as the x-direction. The initial flow condition is the converged solution of the hemisphere cylinder
in the flow with the same freestream conditions as given in Table 6.
Table 6. Freestream conditions.
Variables Freestream condition
M∞ 2.0
T∞ 172.74 K
P∞ 17.635 kPa
ρ∞ 0.354 kg/m3
YN2 0.765
YO2 0.235
Re∞ 406022
Tw 294.48 K
Table 7. Heated region initial conditions.
Absorbed Energy 51 mJ
Tvib = T 2238 K
Radius of discharge 2.54 mm
Discharge location above axis 1.0499R
Discharge location upstream of hemisphere tip 0.9643R
Density ρ∞
Fig. 7 displays contour plots of Mach number (on the left side) and the vibrational temperature of
species N2 (on the right side) at specified times where the instantaneous laser discharge corresponds to
t = 0 s. At t = 14.45 µs (Fig. 7(a)), the blast wave is visible close to the heated region. At t = 43.35 µs
(Fig. 7(b)), the interaction of the heated region with the bow shock has begun. As a result of this interaction,
the heated region is compressed. The lower Mach number inside the heated region is where the “lensing”
phenomenon is observed. Due to the Richtmyer-Meshkov instability, a vortex is formed that moves along the
hemisphere cylinder. This vortex is more easily visualized using the vibrational temperature. The vibrational
temperatures of each diatomic species inside the vortex are reduced in time. Moreover, at t = 120.41 µs, the
heated region has completely passed the bow shock and the bow shock has returned to its original position
(Fig. 7(c)).
Fig. 8 shows the change in the total force (the total of pressure and viscous terms) on the hemisphere in
the x and y-directions as a result of the laser discharge nondimensionalized by F ◦x (the force in the x-direction
before the laser is discharged) versus time. The forces are calculated over the entire hemisphere cylinder.
The lower horizontal axis is the dimensionless time, tU∞/R, where R is the hemisphere radius. The upper
horizontal axis is dimensional time in µs where t = 0 s is the instant that the laser discharge is added to the
flow. Dashed lines show the zero change in the force, i.e., in the x-direction, the total force is equal to the
total drag force of the hemisphere-cylinder before laser discharge; and in the y-direction, the total force is
equal to zero. The change in the x-direction force shows drag reduction while the change in the y-direction
force can be uses for calculating the pitching moment on the hemisphere-cylinder.
The first peak in the force change in the x-direction happens concurrent with the negative peak in the
y-direction force and is due to the interaction of the shock wave with the hemisphere surface, which increases
the pressure at the surface and hence the drag force. The creation of the vortex and its slow movement
around the hemisphere surface is the reason for the long lasting drag reduction, which extends for about
two dimensionless times. The dimensionless time of one is the time the freestream flow requires to pass a
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(a) t = 14.45 µs
(b) t = 43.35 µs
(c) t = 120.41 µs
Figure 7. Contour plots of Mach number and vibrational temperature of N2 for off-axis laser discharge.
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Figure 8. Dimensionless force change versus time for off-axis laser discharge.
distance equal to the hemisphere radius. The lower pressure at the center of the vortex causes a positive
force in the y-direction along with the drag reduction. It should be noted that the maximum instantaneous
change in the force in the y-direction is comparable to the maximum drag reduction.
V. Conclusion
Simulations of laser discharge interaction with a 2.54 centimeter radius hemisphere cylinder at Mach 2 flow
are performed. For the on-axis laser discharge, increasing the actual energy absorbed by the gas increased
the gas dynamic energetic efficiency at the beginning until it reached its asymptotic value of about 3.0 at
25 mJ where increasing the actual energy absorbed by the gas up to 100 mJ has negligible effect on the gas
dynamic energetic efficiency. The off-axis laser discharge reduces drag and also creates a side force. The
maximum instantaneous change in side force is proportionate to the maximum drag reduction.
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